Contrary to what is usually known for the Casas-Ibarra parametrization of the Dirac neutrino mass matrix in the type-I seesaw model, the PMNS neutrino mixing matrix U may get involved in the treatment of the leptogenesis process when the renormalization group running effect is taken into account. In this paper, we investigate such renormalization group assisted leptogenesis in the economical and predictive minimal type-I seesaw model. Our attention will be devoted to the interesting possibility that the CP violation necessary for a successful leptogenesis is exclusively owing to the CP phases
Introduction
As is known, the phenomena of neutrino oscillations establish the fact that neutrinos are massive and mixed [1] . On the one hand, the most popular way of generating neutrino masses is via the type-I seesaw mechanism, where at least two right-handed neutrinos N i are added into the SM [2] . With the introduction of these right-handed neutrinos, there emerge a Dirac mass matrix M D which connects them and the left-handed neutrinos and also an Majorana mass matrix M R for themselves. Without loss of generality, in the following we will work in the basis where M R is diagonal D R . As the essential spirit of the seesaw mechanism, the right-handed neutrino masses are assumed to be super heavy (e.g., close to the GUT scale). Integrating them out will yield an effective Majorana mass matrix for the light neutrinos as follows
On the other hand, in the basis where the charged lepton mass matrix M l is diagonal, the neutrino mixing matrix U results from diagonalization of M ν
with m i (for i = 1, 2, 3) being the light neutrino masses. Conversely, M ν can be reconstructed from U and D ν in a direct way as
In the standard parametrization, U is expressed in terms of three mixing angles θ ij (for ij = 12, 13, 23) , 
where the abbreviations c ij = cos θ ij and s ij = sin θ ij have been used. For the subsequent numerical illustration and discussions, we quote here the global-fit results obtained by Esteban et al [4] for the three mixing angles and two independent neutrino mass squared differences ∆m 2 ij = m 2 i − m 2 j (for ij = 21, 31) s 2 12 = 0.310 +0.015 −0.012 , s 2 13 = 0.02241 +0.00065 −0.00065 , s 2 23 = 0.580 +0.017 −0.021 , ∆m 2 21 = (7.39 +0.21 −0.20 ) × 10 −5 eV 2 , |∆m 2 31 | = (2.525 +0.033 −0.032 ) × 10 −3 eV 2 .
Note that the sign of ∆m 2 31 remains undetermined, thereby allowing for two possible neutrino mass orderings: the normal ordering (NO) m 1 < m 2 < m 3 and inverted ordering (IO) m 3 < m 1 < m 2 .
In addition to providing a natural explanation for the smallness of neutrino masses, the type-I seesaw model also offers an appealing way, the leptogenesis mechanism [5] , to explain the observed baryon asymmetry of the Universe [6] 
where s 0 is the entropy density in the present epoch. In the leptogenesis process, a lepton asymmetry is first dynamically generated from the out-of-equilibrium, lepton-number-and CP-violating decays of right-handed neutrinos and then partially converted into the baryon asymmetry by means of the sphaleron process [7] . In the case of the right-handed neutrino masses being hierarchical, one just needs to consider the dynamics of the lightest right-handed neutrino (which we denote N 1 ) and the final baryon asymmetry resulting from its decays can be expressed as [8] 
The first factor measures the ratio of the equilibrium N 1 number density to the entropy density at the temperature above the mass M 1 of N 1 , and takes a value about 4×10 −3 when the number of relativistic degrees of freedom g * 106.75 is taken as in the SM. The second factor C = 28/79 describes the transition efficiency from the lepton asymmetry to the baryon asymmetry due to the sphaleron process [9] . The third factor 1 is the CP asymmetry for the decay processes of N 1 . In the one flavor treatment (i.e., the final-state lepton flavors are undistinguishable and thus simply summed), it is given by [5, 10] 
where L l (for l = e, µ, τ ) and H are the lepton and Higgs doublets, v = 174 GeV is the Higgs vacuum expectation value (VEV), and M j are the masses of the right-handed neutrinos other than N 1 . For the case M 2 j /M 2 1 1 under consideration, the loop function F(M 2 j /M 2 1 ) approximates to −3M 1 /(2M j ). Finally, the factor η(m 1 ) withm 1 = (M † D M D ) 11 /M 1 takes into account the effects of the washout processes. In the strong washout regimem 1 > m * 10 −3 eV which applies in our following studies, the final value of η(m 1 ) is independent of the initial conditions and can be evaluated according to a simple power law as [11] η(m 1 ) = (2 ± 1) × 10 −2 0.01 eṼ m 1
This empirical result is a good approximation to the solution to the full set of Boltzmann equations [8] .
With the help of Eqs. (1, 3) , it is straightforward to verify that M D can be parameterized as
where R is a complex orthogonal matrix satisfying the condition R T R = I. This is exactly the famous Casas-Ibarra parametrization of M D [12] . In this parametrization, one has
indicating that 1 is independent of U . This leads us to the conclusion that there is not a direct link between the CP violation necessary for leptogenesis and the CP phases in U which are measurable at low energies. Therefore, an observation of low-energy leptonic CP violation would not automatically imply a non-vanishing baryon asymmetry through leptogenesis. However, there exist some scenarios that may invalidate this conclusion. An example is the flavor effects which will become relevant if leptogenesis takes place at a temperature below 10 12 GeV [13] . It is found that in such a so-called flavored leptogenesis scenario the CP phases in U can serve as the only CP parameters responsible for the generation of the baryon asymmetry of the Universe [14] . Another example is the non-unitarity effects of U . It is easy to see that, in the presence of such effects (i.e., U † U = I), U will not drop out of the expression of 1 any more [15] . Remarkably, the renormalization group (RG) running effect may also lead U to get involved in the treatment of the leptogenesis process. In this paper, we investigate such RG-assisted leptogenesis in the economical and predictive minimal type-I seesaw model [16] . Our attention will be devoted to the interesting possibility that the CP phases in U are the only source for the CP violation necessary for a successful leptogenesis. The framework and results of this study will be given in the next section.
Framework and results
Given that the seesaw formula Eq. (1) only works at the seesaw scale which is usually assumed to be super high (e.g., Λ SS ∼ 10 14 GeV), one should take into account the RG running effect on M ν when confronting its consequences against the low-energy (e.g., Λ EW ∼ 100 GeV) measurements [17] . At the one-loop level, the RG running behavior of M ν is governed by [18] 
where t ≡ ln (µ/µ 0 ) with µ denoting the renormalization scale, C and α read
In the basis of M l being diagonal adopted here, the Yukawa coupling matrix for the charged leptons is given by Y l = Diag(y e , y µ , y τ ) with y l = m l /v. For an effective mass matrix of the light neutrinos
which arises at Λ SS from the seesaw mechanism, an integration of Eq. (12) enables us to obtain the RG-corrected neutrino mass matrix at Λ EW [19] 
with T = Diag(T e , T µ , T τ ) and
Because of m e m µ m τ , we can safely neglect the contributions of y e and y µ and thus approximate T as Diag (1, 1, 1 
For Λ SS ∼ 10 14 GeV, in the SM ∆ τ is only about −3 × 10 −5 . In comparison, thanks to the relation y 2 τ = (1 + tan 2 β)m 2 τ /v 2 with tan β being the usual Higgs VEV ratio, in the MSSM it can be greatly enhanced by tan β. Numerically, one has ∆ τ 0.015(tan β/30) 2 for a large tan β value.
By comparing Eq. (15) and Eq. (3), one finds that the Casas-Ibarra parametrization of M D (Λ SS ) should be modified into the following form
in order to accommodate the RG running effect. In this RG-corrected Casas-Ibarra parametrization, one has
Due to the insertion of T −2 , U and U † will not cancel each other out as before. This means that the CP phases in U may serve as a source for the CP-violating effects in leptogenesis, thereby establishing a link between the high and low energy processes. In this paper, we explore such an interesting scenario in the minimal type-I seesaw model [20] . The latter model deserves particular attention because it is economical and predictive in the following aspects: (1) Only two right-handed neutrinos N 1 and N 2 are relevant for the generation of the light neutrino masses, which we assume possess the hierarchical masses M 1 M 2 .
(2) One light neutrino mass (m 1 or m 3 in the NO or IO case) necessarily vanishes, leading to the determination of the light neutrino masses in terms of the measured neutrino mass squared differences NO case :
(3) One Majorana CP phase becomes unphysical. Without loss of generality, we will simply take ρ = 0 in the following discussions. (4) R can be parameterized in terms of only a single complex parameter z as
in the NO or IO case. To go a step further, our attention will be devoted to the interesting possibility that the CP violation necessary for a successful leptogenesis is exclusively owing to the CP phases in U . For this purpose, the generically complex parameter z will be taken to be real and renamed as θ. Furthermore, we will confine our discussions within the unflavored leptogenesis scenario, which is viable for M 1 > 10 12 GeV. Otherwise, as mentioned in the above [14] , the flavor effects would also induce the contributions of the CP phases in U to the CP-violating effects in leptogenesis, constituting an undesired background for the effects we consider here.
NO case
Let us first consider the NO case of the light neutrino masses. In this case, to the leading order of ∆ τ , one has
where U τ i (for i = 1, 2, 3) are the three elements of the third row of U . One finds that the magnitude of 1 is simply proportional to ∆ τ and M 1 but depends on θ, δ and σ in a not so apparent way. In the following discussions we will study in some detail the dependence of Y B on these parameters in the SM and MSSM. In Fig. 1(a) , the allowed range of Y B in the SM is presented as a function of M 1 , which is obtained by varying σ and δ in the range [0, 2π] and θ in the range [0, π] . Here and in the following, Λ SS will be identified as M 1 in the RG-related calculations. Note that an upper bound of 10 15 GeV for M 1 is set due to the constraint on the reheating temperature T reh < 10 15 GeV from the measurements of the CMB anisotropies [6] . In light of the positiveness of the observed value of Y B (which is indicated by a blue horizontal line in the figure) , only the region with Y B > 0 has been shown. Although it is difficult for the RG running effect to induce a successful leptogenesis, Y B can be not far from its observed value for M 1 ∼ 10 15 GeV. In the following we turn to the MSSM where ∆ τ can be enhanced by tan β. In the MSSM, in spite of the doubling of the particle spectrum and of the large number of new processes involving superpartners, one just needs to make the following two simple modifications for the above results in the SM [8] : First of all, the factor v 2 in Eq. (8) should be replaced by v 2 tan 2 β/(tan 2 β + 1). Then, the final result of Y B receives a √ 2 enhancement. In addition, it should be noted that the threshold value 10 12 GeV for the flavor effects to become relevant turns into 10 12 (tan 2 β + 1) GeV. Therefore, in the following discussions we keep tan 2 β < M 1 /10 12 − 1 so as to keep the viability of the unflavored leptogenesis scenario.
We first study the possibility that σ serves as the only source for the CP-violating effects in leptogenesis assuming δ = 0 or π. In this scenario, one has
where the signs ± correspond to the cases of δ = 0 and π. In Fig. 1(b) , the allowed ranges of Y B are presented as functions of M 1 in the cases of δ = 0 (red) and π (green), which are obtained by varying σ in the range [0, 2π], θ in the range [0, π] and tan 2 β in the range [1, M 1 /10 12 − 1]. This time Y B can reach its observed value in a large part of the parameter space. The differences between the results in the cases of δ = 0 and π are small. This can be easily understood from the fact that δ is always associated with a suppression factor of s 13 (see Eq. (23)). For the purpose of illustration, in Fig. 1(c) we present the contour lines of Y B = 8.67 × 10 −11 on the θ-σ plane for the benchmark values of M 1 = 10 15 GeV and tan β = 30 (red), 10 (blue), 5 (green) and 2 (purple) in the cases of δ = 0 (full) and π (dashed). One finds that in the region with 0 < σ < π and 0 < θ < π/2 and the region with π < σ < 2π and π/2 < θ < π, Y B can reach its observed value in most of the parameter space. And there is a symmetry between the results in these two regions. This is simply because 1 andm 1 in Eq. (22) keep invariant under the simultaneous transformations θ → π − θ and σ → π + σ in the case of δ = 0 or π. In the small region with θ 0.1π and σ 1/2π and the small region with θ 0.9π and σ 3/2π, even a tan β value as small as 2 can allow for a successful leptogenesis. As another example, in Fig. 1(d) we present the contour lines of Y B = 8.67 × 10 −11 on the θ-σ plane for the benchmark values of M 1 = 10 14 GeV and tan β = 10 (red) and 6 (blue) in the cases of δ = 0 (full) and π (dashed). This time tan β should have a value larger than 5 in order to make the leptogenesis idea viable. Then, we study the possibility that δ serves as the only source for the CP-violating effects in leptogenesis assuming σ = 0 or π. In this scenario, one has
where the signs ± correspond to the cases of σ = 0 and π. In Fig. 1(e) , the allowed range of Y B is presented as a function of M 1 , which is obtained by varying δ, θ and tan β in their allowed ranges. Due to the suppression factor of s 13 associated with δ, the range of M 1 that can yield a successful leptogenesis shrinks compared to in the former scenario. For the purpose of illustration, in Fig. 1(f) we present the contour lines of Y B = 8.67 × 10 −11 on the θ-δ plane for the benchmark values of M 1 = 10 15 GeV and tan β = 30 (red), 20 (blue), 10 (green) and 6 (purple) in the case of σ = 0 (full) or π (dashed). It is found that Y B can reach its observed value in most of the parameter space. In the case of σ = 0 (π), there is a symmetry between the results in the region with 0 < δ < π and 0 < θ < π/2 (π/2 < θ < π) and those in the region with π < δ < 2π and π/2 < θ < π (0 < θ < π/2). This is simply because 1 andm 1 in Eq. (22) keep invariant under the simultaneous transformations θ → π − θ and δ → π + δ in the case of σ = 0 or π. The minimal allowed value of tan β 6 is obtained in the region with θ 0.1π and δ = 1/2π and the region with θ 0.9π and δ = 3/2π. Finally, we discuss the particular possibility of θ = 0 or π/2 which is a natural consequence of a large class of flavor symmetry models with the so-called form dominance property [21] . In the case of θ = 0 (π/2), N 1 and N 2 are respectively responsible for the generation of m 2 and m 3 (m 3 and m 2 ). In this scenario, the result of 1 given by Eq. (22) vanishes. But the next-to-leading-order result gives
with λ = 1 or 0 in the case of θ = 0 or π/2. Again, we first study the possibility of σ serving as the only source for the CP-violating effects in leptogenesis assuming δ = 0 or π. In this scenario, one has
where the signs ∓ (±) correspond to the cases of θ = 0 and π/2 (δ = 0 and π). It is obvious that 1 varies with σ with a period of π. In Fig. 2 (a) , the allowed ranges of Y B are presented as functions of M 1 in the cases of [θ, δ] = [0, 0] (red), [π/2, 0] (blue), [0, π] (green) and [π/2, π] (purple), which are obtained by varying σ and tan β in their allowed ranges. It is found that the results depend only slightly on which value δ takes as in the above discussions but significantly on which value θ takes. The latter fact results from that both 1 and η(m 1 ) receive an m 3 /m 2 5.8 enhancement in the case of θ = 0 compared to in the case of θ = π/2. Given that only in the case of θ = 0 can Y B reach its observed value, in Fig. 2(b) we present the contour lines of Y B = 8.67 × 10 −11 on the tan β-σ plane for the benchmark value of M 1 = 10 15 GeV in the cases of [θ, δ] = [0, 0] (full) and [0, π] (dashed). It turns out that the minimal allowed value of tan β 18 is obtained at σ = 3/4π and 7/4π. Then, we study the possibility of δ serving as the only source for the CP-violating effects in leptogenesis assuming σ = 0 or π. In this scenario, one has
where the signs ∓ correspond to the cases of θ = 0 and π/2. In Fig. 2(c) , the allowed ranges of Y B are presented as functions of M 1 in the cases of θ = 0 (red) and π/2 (blue), which are obtained by varying δ and tan β in their allowed ranges. Again, the results in the case of θ = π/2 are highly suppressed compared to those in the case of θ = 0. Even in the latter case, due to the suppression factor of s 13 associated with δ, only in the small range M 1 ∼ 10 15 GeV can Y B have a chance to reach its observed value. In Fig. 2(d) , we present the contour line of Y B = 8.67 × 10 −11 on the tan β-δ plane for the benchmark value of M 1 = 10 15 GeV in the case of θ = 0. One finds that a successful leptogenesis is only marginally allowed for tan β 30 and δ 3/2π.
IO case
We proceed to give some discussions for the IO case of the lightest neutrino masses in a way parallel to those for the NO case. In this case, one has
Although the term proportional to m 2 − m 1 in the second line of the expression for 1 seems to be much more important than the other terms which are suppressed by one more factor of ∆ τ , they are actually of comparable importance. The reason is that the near degeneracy between m 1 and m 2 (i.e., (m 2 − m 1 )/(m 2 + m 1 ) 0.007) will result in a high suppression for the former term. In Fig. 3(a) , we present the allowed range of 100 × Y B in the SM as a function of M 1 by varying σ, δ and θ in their allowed ranges. Due to the simultaneous suppression from ∆ τ and the near degeneracy between m 1 and m 2 , even 100 × Y B is much smaller than the observed value of Y B . Now, we turn to the MSSM for the enhancement of ∆ τ from a large tan β value. As in the above discussions, we first study the possibility that σ serves as the only source for the CP-violating effects in leptogenesis assuming δ = 0 or π. In Fig. 3(b) , we present the allowed ranges of Y B as functions of M 1 in the cases of δ = 0 (red) and π (green) by varying σ, θ and tan β in their allowed ranges. One finds that the differences between the results in the cases of δ = 0 and π are small and that only for M 1 ∼ 10 15 GeV can Y B have a chance to reach its observed value. For illustration, in Fig.  3(c) we present the contour lines of Y B = 8.67 × 10 −11 on the θ-σ plane for the benchmark values of M 1 = 10 15 GeV and tan β = 30 (red), 10 (blue), 5 (green) and 2 (purple) in the cases of δ = 0 (full) and π (dashed). In the region with 0 < σ < π and 0 < θ < π/2 and the region with π < σ < 2π and π/2 < θ < π, Y B can reach its observed value in most of the parameter space. There is also a symmetry between the results in these two regions due to the invariance of 1 andm 1 in Eq. (28) under the simultaneous transformations θ → π − θ and σ → π + σ in the case of δ = 0 or π. In the region with θ 0.1π and σ 1/2π and the region with θ 0.9π and σ 3/2π, even a tan β value as small as 2 can lead to a successful leptogenesis.
Then, we study the possibility that δ serves as the only source for the CP-violating effects in leptogenesis assuming σ = 0 or π. In Fig. 3(d) , we present the allowed range of Y B as a function of M 1 by varying δ, θ and tan β in their allowed ranges. Due to the suppression factor of s 13 associated with δ, the maximal allowed value of Y B is not far from but does not reach its observed value.
Finally, we consider the interesting possibility of θ = 0 or π/2. In this scenario, the results in Eq. (28) are simplified into
with λ = 1 or 0 in the case of θ = 0 or π/2. In light of the near degeneracy between m 1 and m 2 , it is expected that the differences between the results in the cases of θ = 0 and π/2 will be rather small. In the scenario of σ serving as the only source for the CP-violating effects in leptogenesis assuming δ = 0 or π, one has Im λU * 2
where the signs ± correspond to the cases of θ = 0 and π/2. On the other hand, in the scenario of δ serving as the only source for the CP-violating effects in leptogenesis assuming σ = 0 or π, one has Im λU * 2
where the signs ± also correspond to the cases of θ = 0 and π/2. In Fig. 3(e) , we present the allowed ranges of Y B as functions of M 1 in the cases of θ = 0 (red) and π (green) by varying σ, δ and tan β in their allowed ranges. As expected, the results in the cases of θ = 0 and π/2 are almost undistinguishable. Unfortunately, the maximal allowed value of Y B is not far from but does not reach its observed value.
Summary
As is known, in the Casas-Ibarra parametrization of the Dirac neutrino mass matrix in the type-I seesaw model, leptogenesis has nothing to do with the PMNS mixing matrix U under the one flavor treatment. It is thus of great significance to find a plausible scenario that may invalidate this conclusion and offer a link between the high and low energy processes. Remarkably, the inclusion of the renormalization group (RG) running effect, which is actually essential due to the extreme heaviness of the right-handed neutrinos, may lead U to get involved in the treatment of the leptogenesis process.
In this paper, we investigate such RG-assisted leptogenesis in the economical and predictive minimal type-I seesaw model. Our attention has been paid to the interesting possibility that the CP phases in U (i.e., the Dirac CP phase δ and the Majorana CP phase σ) are the only source for the CP violation necessary for a successful leptogenesis by taking R to be real. In the SM, it is difficult for the RG running effect to induce a successful leptogenesis because of its intrinsic smallness. In the NO case, the maximal allowed value of Y B is not far from but does not reach its observed value. In the IO case, it is absolutely impossible to have a successful leptogenesis, due to an extra suppression from the near degeneracy between m 1 and m 2 .
In comparison, in the MSSM the RG running effect can be greatly enhanced by a large tan β value. In the NO case, there exists a large part of the parameter space for σ (and smaller for δ) to serve as the only source for the CP violation necessary for a successful leptogenesis. In the particular case of θ = 0 which is a natural consequence of a large class of flavor symmetry models with the form dominance property, there exists a small part of the parameter space for σ (and smaller for δ) to promise a successful leptogenesis. The reason why the allowed parameter space for δ is smaller than the corresponding one for σ is that δ is always associated with a suppression factor of s 13 . In comparison, in the IO case, only σ is possible to be responsible for a successful leptogenesis. Generally speaking, in order to have a successful leptogenesis in these scenarios, M 1 should be larger than 10 14 GeV or even close to 10 15 GeV.
As a final comment, we note that the authors of Ref. [22] have also carried out a study on the RG-assisted leptogenesis. There are two important differences between the scenario they work in and that considered here. Firstly, their attention has been paid to leptogenesis in the flavor symmetry models where R is diagonal due to the form dominance property and U possesses a special form such as the tribimaximal mixing [23] or its extension to the trimaximal mixing [24] . Secondly, the RG running they consider lies between the flavor-symmetry and leptogenesis scales both of which are super high.
